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Efficient actuation is crucial to obtaining optimal performance from nanoelectromechanical systems (NEMS). We employed epitaxial piezoelectric semiconductors to obtain efficient and fully integrated NEMS actuation, which is based on exploitation of the interaction between piezoelectric strain and built-in charge depletion. The underlying actuation mechanism in these depletion-mediated NEMS becomes important only for devices with dimensions approaching semiconductor depletion lengths. The induced actuation forces are controlled electrically, and resonant excitation approaching single-electron efficiency is demonstrated. The fundamental electromechanical coupling itself can be programmed by heterostructure band engineering, externally controllable charge depletion, and crystallographic orientation. These attributes are combined to realize a prototype, mechanically based, exclusive-or logic element.
T he domain at the nanometer scale presents new opportunities for realizing electromechanical transducers with ultralow power consumption, high sensitivity, integrated large-scale array architecture, and coupling to mesoscopic phenomena (1) . As an advancement of microelectromechanical systems, which have become mainstream devices such as optical switches, ink jets, and accelerometers, nanoelectromechanical systems (NEMS) have shown great promise as highly sensitive detectors of mass (2, 3) , displacement (4), charge (5), and energy (6) . However, as electromechanical devices are scaled downward, transduction becomes increasingly difficult, hampering efforts to create finely controlled integrated systems. In spite of substantial progress in the field (7) , an efficient, integrated, and customizable technique for actively driving and tuning NEMS resonators has remained elusive. Conventional approaches such as magnetomotive, electrostatic, and electrothermal techniques (7, 8) suffer from either low power efficiency, limited potential for integration, or poor nanoscale control over electromechanical coupling. In contrast, one of the earliest and most straightforward actuation methods, based on the piezoelectric effect, provides a means of directly converting an electric field into mechanical strain. Discovered by the Curie brothers in 1880 (9) , it has since been widely applied in a multitude of systems ranging from clocks to microwave electromechanical filters and biosensors. However, new nanoscale functionality enabled by piezoelectric coupling has not yet been systematically explored with top-down NEMS devices.
We investigated the use of piezoelectric semiconductors as active structural materials for NEMS resonators. The active region of our nanomechanical devices consists of a 200-nm-thick epitaxially grown GaAs p-type/intrinsic/n-type (pin) diode (10) . The clamped ends of the suspended structures lie on top of a sacrificial Al 0.8 Ga 0.2 As layer, which is doped along with the substrate to allow the back side of the wafer to be used as a ground electrode. An n-doped layer serves as the top electrode, and finally, the chargedepleted high-resistance region in the middle forms the piezoelectrically active layer. Details on the pin junction doping profile and device fabrication are presented in (11) . We first focused on NEMS cantilevers, as depicted in Fig. 1A , which we used to gauge the efficiency of piezoelectric excitation. To ensure that the mechanical readout scheme was decoupled from chargedepletion effects, we employed optical interferometry (12) to sense motion so that unnecessary complications were not introduced into our analysis. During a typical measurement (Fig. 1B) , an ac signal applied across the pin junction actuates the device at or near its resonance frequency, while the addition of dc voltage tunes the depletionregion width. Within the device, a transverse electric field, E z , produces a longitudinal strain e j ¼ d 3j E z , where d 3j is the anisotropic piezoelectric coefficient (13) . A bending moment develops when the strain is asymmetrically distributed around the beam's neutral axis, which results in mechanical resonance under a suitable range of driving frequencies. The particular cantilever shown in Fig. 1 is found to have a resonance frequency of 8 MHz and a quality factor (Q) of 2700 (Fig. 1C) . Our measurements are in agreement with the expected value for this structure's first out-of-plane vibrational mode. The piezoelectric effect is capable of driving the device with ac signals as low as 5 mV before the onset of thermomechanical fluctuations (Fig. 1C, inset) , corresponding to approximately a single electronic charge on the cantilever itself. Assuming a maximum current flow of 1 nA at 5 mVof ac drive (14) , the minimum required power consumption of this device approaches 5 fW, with~1 nW being more representative of typical operating conditions (an ac drive of 10 mV) during actuation. Further improvement is expected from semiconductor bandstructure optimization. These measurements demonstrate the efficiency of this integrated excitation technique, both in terms of charge and of power required. For comparison, magnetomotive and electrothermal NEMS actuation schemes are not easily realizable with comparable power efficiency, because their comparatively low impedance results in substantial current flow. Moreover, many alternative actuation schemes rely on external electromagnetic fields mediated by gates (electrostatic), solenoids (magnetomotive), or lasers (optothermal); hence, they are not readily incorporated into the active vibrating structure of a nanoscale device.
REPORTS
The strain generated by an electric field is concentrated within the highly resistive chargedepletion region. This allows us to adjust the piezoelectric actuation efficiency by altering the depletion width with an applied voltage, in much the same way as capacitance is systematically altered in varactor diodes. This actuation effect, however, is unique to nanoscale semiconductor structures, where the characteristic device length scale (i.e., the thickness of the pin heterostructure) can become comparable to the depletion width. To verify this form of electromechanical coupling, we measured the performance of the cantilever under different dc bias conditions ( Fig. 2A) . As expected, the mechanical amplitude of the device's response strongly depends on the dc voltage. We developed a simple analytical model that combines two competing mechanisms that control actuation (11): (i) depletion-mediated strain ( Fig. 2B and fig. S1 ) and (ii) variable resistance of the pin diode junction ( fig. S2 ). Because strain is proportional to the voltage across the junction, lowering the resistance via excessive forward or reverse biasing of the diode leads to a reduction of actuation efficiency. However, this effect is not evident as long as the diode bias value lies below its "on" state and above breakdown, which are respectively determined to be at 0.7 and -3 V. To validate our predictions, we fabricated identical cantilevers from three pin diode junctions and measured their resonance amplitudes as a function of dc voltage. The diodes' doping profiles were designed to demonstrate three qualitatively different effects of depletion-mediated strain on actuation: (i) increasing resonance amplitude under decreasing voltage (pin-1), (ii) constant amplitude (pin-2), and (iii) decreasing amplitude (pin-3). We found good agreement between the observed and predicted mechanical response of these devices (Fig. 2C) .
Another remarkable feature of NEMS fabricated from piezoelectric materials is voltageinduced resonance-frequency control. To demonstrate this, we patterned doubly clamped beams such as those shown in Fig. 3A . These structures are driven to resonance in the same fashion as are cantilevers. Shifts in resonance are clearly observed upon the dc-biasing of the device (Fig.  3B) , because piezoelectric strain is converted into stress as a result of clamped-clamped boundary conditions (15) . In the case of small perturbations, this behavior can be quantitatively described by the following expression (16)
The elastic Young's modulus Y is 101 GPa, the density r is 5.3 g/cm 3 , t is the total device thickness (200 nm), Df is the change in frequency, and V is the voltage. The above expression implies linear frequency-voltage dependence. In addition, because of the anisotropic nature of the piezoelectric coefficient, we expect to be able to control the slope of Df by fabricating the beam along a prescribed direction. Both predictions are verified by the measurements displayed in Fig. 3C shows the time progression of frequency during stepwise 10-mV increases in DC bias. Each step corresponds to the addition of~2 kV/cm of field across the depletion region or~500 electronic charges on the resonant device (20) . The highest achievable resolution at room temperature is~100 electrons, and it may be possible to approach single-electron resolution by using enhanced readout techniques, an optimized quality factor, and higher aspectratio beams (21) . This suggests that, unlike other NEMS resonator sensors, which typically measure only mass accretion, tunable piezoelectric transducers could also serve as detectors of ionic species, making them attractive candidates for mass spectrometry applications (3).
Our ability to finely control the mechanical response of NEMS devices in a variety of ways raises the intriguing possibility of creating elements for nanomechanical logic and computation. It is worth recalling that some of the earliest computers were mechanical, and interest in this concept has resurfaced with the advent of nonvolatile carbon-nanotube memory elements (22) . As an initial implementation of piezoelectric NEMS logic, we took advantage of the crystallographic anisotropy of d 3j . The prototype device (pictured in Fig. 4A ) consists of an L-shaped cantilever with two separately addressable inputs for actuation. The top conducting portion of the structure was removed at the tip, resulting in a pair of mechanically bound but electrically isolated actuators. When driven from only input A or B, the entire structure resonates with a fundamental frequency of 10 MHz and a Q of 2000 (Fig. 4B) . Because the two halves of the structure are aligned along crystallographically orthogonal directions, we observed that a stimulus at input A results in an equal-magnitude but opposite-phase mechanical response as the same stimulus applied at input B [ Fig. 4 , B (inset) and C] (23). Thus, when the a driving stimulus of the same magnitude was simultaneously applied to both inputs through a 0-degree power splitter, the response of the device was found to be substantially attenuated, as one would expect from a cancellation of motion. This device represents a prototype radio-frequency nanomechanical analog to an exclusive-or (XOR) logic gate with a demonstrated on/off ratio of 8:1. We envision the integration of NEMS logic in large-scale arrays that could carry out preliminary computations in the electromechanical domain before conventional digital processing (24). Potential advantages of this approach include lower net power consumption and greater functionality in computation.
We have demonstrated an approach to designing nanoelectromechanical systems from piezoelectric semiconductors with tailored band structure, geometry, and crystallographic direction. The resulting electromechanical coupling phenomena, which rely entirely on intrinsic material properties, facilitate the creation of compact, tunable NEMS arrays for multidimensional sensing (25) and nanomechanical computing applications (24). The ability to regulate actuation efficiency through depletion-mediated strain in the semiconductor heterostructure's lowoperating-power regime raises the prospect for developing efficient, high-speed electromechanical switches. Such devices may play an important role in selectively addressing individual elements in large-scale arrays of NEMS. Furthermore, the integration of a reliable and customizable frequency-tuning method adds a useful layer of functionality that has so far been absent in NEMS. Although not explored here, the reversibility of piezoelectric phenomena offers the potential for ultrasensitive electrical measurement of nanomechanical motion (26-29). Finally, all of the concepts presented here are transferrable to a wide variety of other materials beyond GaAs (such as AlN, SiC, or ZnO), which may provide enhanced electrical and mechanical properties. The real component of the response signal, indicating the 180°phase shift between the response due to driving at input A and that due to driving at input B. (C) Schematic illustration of the mechanical XOR logic gate's operational principle, exploiting piezoelectric anisotropy. When an ac drive was applied across only one of the inputs, the device responded with equal mechanical amplitude but opposite phase (the "on" state). This resulted in an effective cancellation of motion ("off" state) when the drive was simultaneously applied to the two inputs. However, all of these breakthrough experiments required labeling of the target molecule (5, 6) . In the case of surface-enhanced Raman spectroscopy (SERS), total internal reflection fluorescence microscopy (TIRF) and confocal microscopy, this label behaves as an amplifier for an otherwise undetectable single-molecule signal; however, it also restricts an experiment's scope, because there must be prior knowledge of the target's presence and the target molecule must be modified to incorporate the label (7) (8) (9) (10) (11) (12) . There have been several attempts to overcome this need to label the analyte by developing label-free sensing technologies, ranging from fiber-optic waveguides (13) and nanowires (14) to nanoparticle probes (15), biochips (16) , and mechanical cantilevers (17) , but none has achieved single-molecule sensitivity.
Optical microcavities have been proposed as a powerful method to achieve label-free detection of single molecules because the resonant recirculation of light within a microcavity allows the light to sample target molecules many more times (18) (19) (20) (21) . For example, in a simple optical waveguide sensor, the input light has only one opportunity to interact with the target molecule. In contrast, by using a planar microcavity with a quality (Q) factor of 10 8 (Fig. 1A) , the molecule is sampled more than 100,000 times. This increased sampling manifests itself both as a shift of the resonant wavelength and as a decrease in the Q factor as the target molecules directly change the optical path length and/or the cavity loss of the sensor (18, 19) . The current work extends these ideas by adding a new mechanism through which molecules can induce a resonant wavelength shift. In particular, it will be shown that a thermo-optic mechanism greatly enhances detection sensitivity. Biochemically functionalizing the surface of the resonator to recognize the target molecule should provide an excellent platform for ultrasensitive detection and specific identification of dissolved, unlabeled target molecules (22, 23) .
We fabricated planar arrays of silica microtoroid whispering-gallery resonators (Fig. 1A) using a simple three-step process: (i) circular oxide pads were lithographically defined; (ii) the silicon wafer was selectively etched with xenon difluoride, forming arrays of silica microdisks; and (iii) the microdisks were reflowed with a CO 2 laser (24, 25). Microtoroids offer Q factors in excess of 100 million for enhanced detection sensitivity, and their silica surfaces are readily functionalized for specific detection of biomolecules (23) . The microtoroids were coupled to a tunable laser and detector by a tapered optical fiber waveguide and were immersed in water within a microaquarium with syringe inlets for introducing samples (26). The tapered optical fiber waveguide launches light into the whispering-gallery mode at the periphery of the microtoroid. The resonant whispering-gallery mode is partially confined inside the silica microtoroid, but it evanesces into the liquid environment (Fig. 1B) . Thus, the light interacts strongly with the molecules once they are captured on the toroidal surface, in a manner similar to the way that a surface plasmon resonance (SPR) sensor interrogates a sample (27). The silica surfaces were sensitized either with biotin or antibodies to capture specific molecules [avidin or the target antigen, respectively (26)]. This binding interaction creates red shifts of the resonant wavelength that can be monitored in real time (26). In the static condition without the presence of biological molecules, the opposing thermo-optic 
